In Western countries, bladder cancer (BCa) is one of the most common types of malignancy, with highest incidence rate among urinary system malignancies. At present, as a strategy to preserve the quality and function of the bladder tissues, external-beam radiotherapy has been applied to an increasing number of patients with BCa, particularly the elderly and those in poor health.
Introduction
Bladder cancer (BCa) is one of the most common malignancies of the genitourinary tract; hematuria is often the initial symptom observed. According to the estimates of the American Cancer Society, BCa has the highest rate of incidence of the urinary system in the United States (1) . In 2017, 79,030 novel cases of BCa (60,490 male and 18,540 female) and 16,870 mortalities due to BCa (12,240 male and 4,630 female) in US were reported (1) . Cytology and certain urine-based markers, including nuclear matrix protein 22 (2) and surviving (3, 4) , have roles in monitoring individuals at high risk of developing BCa. Additionally, recent research has demonstrated that cigarette smoking (5) and imbalances in sex hormones (6) may be potential risks for the development of BCa.
Radical cystectomy (RC) and radiotherapy, either with or without chemotherapy, are two options of definitive therapy for localized muscle-invasive BCa. Radical radiotherapy alone is not recommended as a first-line therapy for BCa as the side-effect profile, recurrence and mortality rates are higher than that of RC, with or without chemotherapy (7) . Additionally, external-beam radiotherapy is an important method of preserving the quality and function of the bladder tissue in the elderly, and in patients with poor health, or normal upper urinary tract and adequate bladder capacity (8) . A British randomized trial reported that there were no statistically significant differences in survival between patients receiving radical surgery and radical radiotherapy (9) , suggesting that radiotherapy may be widely applied in the future for the treatment of BCa. Therefore, understanding the biological response of BCa tissue to radiotherapy may improve the efficacy and side effect profile of radiotherapy. By mimicking the clinical fractionated irradiation (FI) program in BCa cells, the present study aimed to investigate phenotypic alterations of BCa cells. penicillin and 100 U/ml streptomycin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) under a humidified atmosphere with 5% carbon dioxide at 37˚C. Cells were irradiated at room temperature in ambient air using a 137 Cs source (γ-ray; Nordion, Inc., Ottawa, Canada) at a dose rate of 0.79 Gy/min. Resistant cells were generated by mimicking the clinical radiotherapy treatment as previously described (10) . Cells that survived irradiation with 60 Gy (exposure to 2 Gy 30 times) after 1 month of culture and passaging were used for further analysis and termed '5637R' cells.
Cell cycle analysis. Logarithmic-phase 5637 or 5637R cells were seeded in 10-cm dishes at 1x10 7 cells/dish and were cultured overnight at 37˚C. Subsequently, cells were subjected to γ-ray of 2 Gy, which is the dose of radiation commonly used in clinical practice; un-irradiated cells were used as control. After 8 and 24 h post-ionizing radiation (IR), cells were collected and fixed with 70% ethanol (pre-chilled to -20˚C) for 2 h at 4˚C; analysis of DNA content was performed by flow cytometry as previously described (11) . A total of 20,000 cells were counted and three independent experiments were performed. Modfit LT 3.1 (Verity Software House, Inc., Topsham, ME, USA) was applied to gate and calculate the proportion of cells in various phases of the cell cycle.
Cell migration assay. Transwell migration of unirradiated 5637 and 5637R cells was determined using 8.0-µm pore size hanging inserts from BD Biosciences (Franklin Lakes, NJ, USA) in 24 well plates. For 5637 and 5637R, 1x10 5 cells were seeded in the upper chambers covered with 500 µl FBS-free DMEM; 1,000 µl DMEM containing 10% FBS was added to the lower chambers. Following incubation for 24 h at 37˚C, the chambers were removed carefully; the chambers were washed three times with PBS (pH 7.4; Beyotime Institute of Biotechnology, Haimen, China). Cells were fixed in 100% methyl alcohol (Sangon Biotech Co., Ltd., Shanghai, China) at room temperature for 15 min and the chambers were stained with 0.2% crystal violet (Sangon Biotech Co., Ltd.) for 30-60 min at room temperature. When the chambers were dry enough, cells were analyzed under a light microscope (magnification, x100).
Clonogenic survival. Cells sensitive to IR were determined with clone formation assay. Logarithmic-phase 5637 or 5637R cells were seeded in 3-cm dishes at 5x10 5 cells/dish and were cultured overnight at 37˚C. The logarithmic-phase cells in 3-cm dishes were treated with increasing doses of γ-ray (0, 2, 4, 6 and 8 Gy) at room temperature, at a dose rate of 0.79 Gy/min. The 0 Gy irradiated group served as a control group. Following incubating for 0 or 24 h in the incubator, irradiated cells were trypsinized to a single-cell suspension. Subsequently, according to dose, variable 5637 or 5637R cell densities (0 Gy, 200 cells; 2 Gy, 200 cells; 4 Gy, 400 cells; 6 Gy, 800 cells; and 8 Gy, 1,600 cells) were counted and seeded into 6-cm dishes. After 2 weeks of incubation, the colonies were washed with PBS three times, fixed with 100% methyl alcohol at room temperature for 15 min. Subsequently, cells were stained with 0.2% crystal violet for 1 h at room temperature. When the colonies were sufficiently dried, colonies were counted and the surviving fraction was calculated as described in our previous report (11) .
Western blot analysis. Cells in the logarithmic growth phase (5637 and 5637R; 5x10 5 cells/dish) were subjected to increasing doses of γ-ray (0, 2, 4, 6 and 8 Gy). Cellular protein was extracted at 2 and 24 h post-irradiation using a M-PER™ Mammalian Protein Extraction Reagent (cat. no. 78501; Thermo Fisher Scientific, Inc.) containing 1% protease inhibitor. Proteins were quantified with a bicinchoninic acid protein assay kit (cat. no. 23227; Thermo Fisher Scientific, Inc.). An equal amount of total protein (60 µg) was loaded and fractionated via SDS-PAGE on 12% gels. Proteins were then transferred to polyvinylidene difluoride (PVDF) membranes (0.45 µm; Merck KGaA), which were washed with Tris-buffered saline containing 0.05% Tween-20 (TBST; Sangon Biotech Co., Ltd.) for 5 min, followed by blocking with 5% bovine serum albumin (AR2440, Sangon Biotech Co., Ltd.) for 1 h at room temperature. Subsequently, the membranes were washed with TBST for 10 min and incubated with primary antibodies at 4˚C overnight. The PVDF membranes were then washed three times with TBST and incubated with secondary antibodies for 1 h at room temperature. Finally, the bands were visualized with the ChemiDoc XRS system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). In the present study, the source and use of all mitogen-activated protein kinase (MAPK)-associated antibodies, including anti-extracellular signal-regulated kinase (ERK; 1:1,000; cat. no. ER131218; HuaAn Biotechnology, Inc., Hangzhou, China), c-Jun N-terminal kinase (JNK; 1:1,000; cat. no. sc-571; Santa Cr uz Biotechnology, Inc., Dallas, TX, USA), P38 (1:1,000; cat. no. 9212), phosphorylated (p)-ERK (1:1,000, cat. no. 4370), p-JNK (1:1,000; cat. no. 9251), p-P38 (1:2,000; cat. no. 9216; all Cell Signaling Technology, Inc., Danvers, MA, USA) and GADPH (1:1,000; cat. no. AB-P-R; Hangzhou Goodhere Biotechnology Co., Ltd., Hangzhou, China) and horseradish peroxidase-conjugated secondary antibodies against mouse (1:1,000; cat. no. A0216; Beyotime Institute of Biotechnology) or rabbit (1:1,000; cat. no. A0208; Beyotime Institute of Biotechnology), were reported previously (12) . Other primary antibodies used were as follows: Anti-ovarian cancer-2/disabled homolog 2 interactive protein (DAB2IP; rabbit polyclonal antibody; Statistical analysis. Data were presented as the mean ± standard error of at least three independent experiments. The results were tested for significance using an unpaired Student's t-test. Statistical analysis was conducted using STATA 10.0 statistics software (StataCorp LP, College Station, TX, USA) and P<0.05 was considered to indicate a statistically significant difference.
Results

FI increases S phase cell distribution and STAT3 phosphorylation in BCa cells.
In the present study, a human BCa cell line, 5637 was exposed 30 FI treatments of 2 Gy/day. Following 1 month of culturing and passaging, surviving cells were named 5637R. Initially, the present study investigated the effects of FI on the cell cycle distribution on 5637 and 5637R cells. An increased population of S phase cells was detected in the 5637R group compared with 5637 cells (Fig. 1A  and B ). The proportion of S phase cells in 5637R vs. 5637 was 42.9±4.6 vs. 33.8±2.5%, respectively (P=0.05; mean ± standard error, data from three independent experiments). Subsequently, the expression of a series of proteins associated with FI treatment (10) was analyzed, including β-catenin, EGR-1, DAB2IP and STAT3 and detected via western blot analysis. It was revealed that STAT3 phosphorylation (Tyr705) was notably increased in 5637R cells compared with 5637 cells (Fig. 1C) . Tyr705 phosphorylation is a key event required for STAT-3 activation, which induces the upregulation of various genes involved in cell survival and proliferation (13) . Therefore, it was hypothesized that, compared with 5637 cells, the increased expression of p-STAT3 (Tyr705) in 5637R cells may confer a survival advantage in response to IR, due to the promotion of cell survival and evasion of apoptosis. Conversely, visible alterations in the expression of p-STAT3 (Ser727) were not observed in 5637R cells. Furthermore, it was revealed that the expression of STAT3 was lower in 5637R cells than in 5637 cells. Notably, the STAT3 antibody used in the present study does not recognize p-STAT3; therefore, it cannot be concluded that STAT3 synthesis is decreased in 5637R cells compared with in 5637 cells from this result. In addition, no differences were observed in β-catenin, EGR-1 and DAB2IP expression between the 5637 and 5637R cells.
FI enhances BCa cells migration ability.
In the migration assay, 5637R cells demonstrated notable increases in migratory ability compared with in 5637 cells ( Fig. 2A ). The number of migratory cells was significantly increased in the 5637R cell group compared with in 5637 cells (689.6±24.05 vs. 346.4±72.64, respectively, P=0.002; Fig. 2B ). The present study also investigated the expression of epithelial-mesenchymal transition (EMT)-associated markers, including E-cadherin and vimentin in 5637 and 5637R cells. The results revealed that 5637 and 5637R cells exhibited a high expression of E-cadherin; however, the expression of vimentin was too low for detection in the present study. In addition, no notable variations in the expression of the aforementioned protein were observed between 5637 and 5637R cells.
FI enhances BCa cells radioresistance associated with activation of the ERK/MAPK signaling pathway post-IR.
To explore the effects of FI on BCa cells, 5637 and 5637R cells were subjected to increasing doses of IR (0, 2, 4, 6 and 8 Gy). Clonogenic survival analysis demonstrated that 5637R cells, which survived FI exposure, exhibited increased resistance to IR compared with the parental cell line, 5637 (Fig. 3A) . The surviving fraction of 5637R and 5637 cells treated with 2 Gy were 0.56±0.03 and 0.40±0.04, respectively (P=0.005; Fig. 3B ).
In order to further understand the molecular mechanism underlying FI-induced radioresistance, activation of the MAPK signaling pathway and the cell cycle distribution in response to IR were detected via western blot analysis and flow cytometry, respectively. The present study reported that 5637R cells exhibited an increase in ERK phosphorylation 2 h post IR, which was not observed in 5637 cells (Fig. 3C ). As presented in Fig. 4 , irradiation induced a notable G 2 /M arrest in 5637R cells 8 h post-IR; the percentage of cells in G 2 /M phase was increased from 6.42±3.82 to 18.23±3.85% compared with in the control group. Conversely, G 2 /M arrest was observed in 5637 cells 24 h following radiation exposure; the percentage of cells in G 2 /M phase was increased from 12.36±4.45 to 19.26±2.21% compared with in the control group. Collectively, these results indicated that the G 2 /M checkpoint and the robust ERK/MAPK signaling pathway may serve roles in the increased radioresistance exhibited by 5637R cells compared with in 5637 cells.
Discussion
External beam radiation therapy with daily fractionation of 1.8-2 Gy over a period of several weeks is a standard treatment option in clinical radiotherapy; however, due to idiopathic or acquired radioresistance (ARR), not all patients benefit from radiotherapy (14) . Differing from that of congenital radiation tolerance, adaptive resistance to radiotherapy occurs during the course of FI in numerous patients, resulting in tumor metastasis and recurrence, which comprises ARR (15) . This may be the main reason for the failure of cancer treatment with radiotherapy; however, the mechanism underlying the development of ARR remains poorly understood.
In order to identify biomolecules involved in ARR, the present study reproduced the phenomenon of radiation tolerance induced by FI to obtained resistant 5637R cells. These cells may be a useful cell model to investigate the molecular mechanism underlying ARR. Compared with in 5637 cells, an increase in the proportion of 5637R cells in S phase was observed, along with enhanced migration ability and elevated levels of STAT3 phosphorylation. It has been reported that cells in late S phase are relatively insensitive to IR compared with cells of other phases (16) . In addition, an increased population of S phase 5637R cells may indicate high levels of cellular division and proliferation. Thus, the present study suggested that an increased proportion of FI-treated cells in S-phase cells may be associated with IR tolerance exhibited by 5637R cells compared with 5637 cells.
Additionally, in the present study, 5637R cells exhibited increased migration abilities compared with 5637 cells as determined by a Transwell assay. To determine whether the increased migration abilities observed in FI-resistant cells may be associated with EMT, the expression of EMT markers, including E-cadherin, vimentin and β-catenin was detected within BCa cells; however, the expression of these proteins was similar in 5637 and 5637R cells, suggesting that 5637R may exhibit the characteristics of epithelial cells. Conversely, compared with in 5637 cells, a notable elevation of p-STAT3 (Tyr705) was detected in 5637R cells in the present study. It has been reported that STAT3 phosphorylation at Tyr705 is critical for the growth and survival of BCa cells (17) . This may promote the migration and invasion of BCa cells (18) . Therefore, the present study proposed that increased mobility and S-phase cell distribution demonstrated by 5637R cells may be partly due to STAT3 activation; however, the upstream molecular mechanism that activates STAT3 following FI requires further investigation.
MAPK signaling pathways regulate the expression of genes associated with proliferation, differentiation and apoptosis, and responses to environmental changes in eukaryotic cells (19) . There are ~14 MAPK-associated genes in mammals, which are characterized into 7 groups; ERK1/2, JNK1/2/3 and P38 isoforms are the three most notable and widely researched protein kinases (20) . In the present study, variations in the response of the MAPK pathway to IR were compared between parental 5637 cells and their FI-treated derivatives (5637R). The results of the present study revealed that irradiation markedly upregulated ERK phosphorylation in 5637R cells compared with in 5637 cells. In addition, in 5637R cells treated with 2 Gy, ERK activation via phosphorylation in response to IR continued to increase within 24 h post-irradiation. The ERK cascade has been associated with cell survival and proliferation (21) . Furthermore, ERK can activate a series of transcription factors, such as STAT3, resulting in gene regulation, which affects cell cycle progression, cell motility and apoptosis (22) . Therefore, the present study investigated whether ERK phosphorylation may be the key event inducing the activation of STAT3. Compared with in 5637 cells, 5637R cells exhibited notably low basal expression of p-ERK. A correlation between STAT3 activation and ERK1/2 inhibition has also been reported in BCa cells in response to long-term nicotine exposure (23) .
To understand the mechanism underlying increased STAT3 phosphorylation associated with BCa, studies have investigated the phosphoinositide 3-kinase/protein kinase B (Akt)/STAT3 and the Janus kinase (JAK)/STAT3 signaling pathways to determine the proteins upstream of STAT3 in radioresistant 5637R cells (18, 24) . The results of the present study revealed that 5637R cells possess higher levels of p-JAK2 compared with in 5637. No significant difference in the expression levels of p-Akt between 5637 and 5637R cells (data not shown). Therefore, the present study suggested that abnormal activation of the JAK2/STAT3 signaling pathway may be associated with malignant phenotypes of 5637R cells, including increased migration ability and a higher proportion of S-phase cells. However, further investigation is required to understand whether the mechanism underlying persistent activation of the JAK2/STAT3 signaling pathway is associated with FI. Additionally, the association between JAK2/STAT3 and ERK requires further investigation.
Collectively, the findings of the present study suggested that increased activation of STAT3 and robust ERK/MAPK signaling may confer survival advantages in 5637R cells and increased resistance to radiotherapy. Furthermore, the present study proposed that p-STAT3 may be considered as a potential biomarker to detect radioresistance and tumor recurrence of patients with BCa following conventional radiotherapeutic intervention. Additionally, co-treatment with an ERK inhibitor may be a viable approach to improve the anticancer efficacy of radiotherapy in patients with ARR.
